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Abstract 
The surface morphology of thermally quenched 
GaAs films grown by molecular beam epitaxy on GaAs 
substrates has been studied by elastic light scattering, by 
scanning electron microscopy and by scanning tunneling 
microscopy (STM) in air. STM shows that the oxide-
desorbed surface of GaAs is pitted, but smooths after 
deposition of a few hundred nanometers of material. 
Light scattering shows that, after the surface has 
smoothed, the power spectral density of the surface ap-
proaches a q-2 dependence on spatial frequency over the 
spatial frequency range 0.2 /lm- 1 < q < 20 /lm- 1 that 
is accessible to the light scattering measurements at 488 
nm. This result is in agreement with the predictions of 
dynamical scaling theory in the case where the time evo-
lution of the surface morphology is described by an 
Edwards-Wilkinson type equation. 
Key Words: Laser light scattering, gallium arsenide, 
molecular beam epitaxy, surface roughness, scanning 
tunneling microscopy, oxide desorption, scaling theory, 
Edwards-Wilkinson equation. 
• Address for correspondence: 
T. Tiedje 
Department of Physics, 
University of British Columbia, 
6224 Agricultural Road, 
Vancouver, BC, Canada, V6T lZl 
Telephone number: (604) 822-6615 




Numerous theoretical analyses and computer simula-
tions of thin film growth on initially flat surfaces have 
shown, under quite general assumptions, that the width 
of the growing interface will increase with a power law 
dependence on the lateral length scale and growth time 
[7, 12]. Although this power law behavior, known as 
dynamical scaling, is well established theoretically, there 
is very little direct experimental evidence for it. Recent 
scanning tunneling microscopy (STM) and atomic force 
microscopy studies of the surface of GaAs grown by 
molecular bearn epitaxy (MBE) show that during growth 
the surface becomes progressively rougher on length 
scales on the order of 100 nm or larger [9, 10, 14). 
This result confirms one of the essential ideas of the 
scaling theory: namely, that the growth surface is rough 
and not atomically flat as had previously been widely 
supposed on the basis of transmission electron micros-
copy studies. In principle, the scaling behavior of the 
surface structure can be determined from a statistical 
analysis of STM images; in practice, it is very difficult 
to obtain statistically significant data on the surface mor-
phology from a practical number of real space images, 
over the several orders of magnitude in spatial frequency 
that is required to test the scaling theory. 
Elastic light scattering offers an attractive alternative 
method for determining the surface morphology over a 
wide range of spatial frequencies [3, 8, 13). Light scat-
tering has the advantage of being directly sensitive to the 
quantity of most interest, namely the power spectral den-
sity of the surface morphology. In practice, visible light 
scattering is sensitive to sub-monolayer changes in the 
surface morphology [6] in the spatial frequency range 
from about 0.1 /lm· 1 to 20 /lm· 1. Different spatial fre-
quencies in the surface can be sensed by changing the 
scattering angle or, in other words, by changing the an-
gle at which the scattered light is detected [ 4, 5]. The 
relationship between the scattered light intensity and the 
surface structure is a complex problem that cannot be 
solved in general. However, in the case of interest 
here, the MBE grown GaAs surfaces are almost specular 
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Figure 1. Scanning electron micrograph {taken with a 
field emission scanning electron microscope (SEM) 
operated at an accelerating voltage of 25 kV} of a GaAs 
substrate after thermal evaporation of the surface oxide. 








Figure 2. Scanning tunneling micrographs taken in air 
from (the images cover a region 3 µm wide in the hori-
zontal direction; the black to white contrast that defines 
the scale for the topography is 14 nm): (a) an as-re-
ceived polished GaAs substrate; the systematic curvature 
in the surface (high on the left and right sides and low 
in the centre) is an artifact of the STM scan mechanism; 
(b) a substrate as in (a) above, except that the surface 
oxide has been thermally desorbed in the MBE chamber 
under an arsenic flux prior to imaging in air; the pits are 
approximately 10 nm deep. 
Light scattering and electron microscopy of GaAs films 
Figures 3 and 4 {on the facing page). Scanning tun-
neling micrographs of a GaAs substrate after thermal 
desorption of the surface oxide followed by growth of a 
GaAs buffer layer for 4 minutes (Figure 3) and 30 
minutes (Figure 4). The lateral and topographic scales 
are the same as in Figure 2. The horizontal dimension 
is along the [110) direction. In Figure 4, the two im-
ages in (a) and (b) correspond to two different locations 
on the same sample. The black/ white contrast range 
that defines the scale of the topography is 13 nm in (a) 
and 12 nm in (b). The large bumps are about 3 nm 
above the nearby valleys in (a) and (b). 
with only low angle deviations from a perfectly flat sur-
face, and it is safe to assume that there are no overhangs 
or other high aspect ratio surface features. In this case, 
perturbation methods can be used to relate the scattered 
light to the surface morphology [4, 5). 
Substrate preparation and film growth 
In this paper, we describe elastic light scattering 
measurements of the power spectral density of the sur-
face morphology of GaAs surfaces grown by MBE. The 
GaAs wafers used in the light scattering experiments 
were loaded into the MBE growth chamber with as little 
handling as possible to minimize particulate contamina-
tion. The substrate preparation consisted of cleaving the 
as-received, individually packaged, two inch diameter 
GaAs substrates into quarters and then exposing them 
for 1-4 minutes to uv-ozone in a laminar flow hood in 
order to remove carbon contamination. The samples 
were then mounted indium-free on molybdenum sample 
holders and loaded into the MBE growth chamber, with 
no additional cleaning or wet chemical etching. Once 
they were loaded in the MBE chamber, the substrates 
were ramped in temperature up to about 600°C in the 
presence of an A52 flux to desorb the surface oxide, and 
then GaAs buffer layers of varying thicknesses were de-
posited on the substrates. The substrates were nominally 
(100) oriented with a typical misorientation of +0.5°. 
The GaAs films were grown at 1 µm/hr by solid source 
MBE, at a substrate temperature of 580°C, with an As2 
to Ga ratio of 5: 1 as measured with an ion gauge. After 
growth, the samples were quenched by turning off the 
substrate heater and then removed from the MBE cham-
ber for microscopy and light scattering studies. 
Characterization of Film Morphology 
Scanning microscopy 
A scanning electron micrograph of the surface of 
the GaAs substrate after the oxide desorption, with no 
buffer layer, is shown in Figure l. This image was 
taken with a Hitachi S-4100 field emission SEM oper-
ated at an accelerating voltage of 25 kV. As shown in 
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the micrograph, the surface is covered with pits of 
varying sizes up to about 100 nm in radius with spacing 
between the largest pits (radii over 100 nm) on the order 
of 1 µm. This result is consistent with earlier in situ 
observations of roughening during the oxide desorption 
[2]. By tilting the sample in the SEM, we estimate the 
depth of the deepest holes to be on the order of 10 nm. 
This is significantly deeper than the average thickness of 
the uv-ozone oxide as measured by X-ray photoelectron 
spectroscopy and indicates that the oxide desorption is 
not a simple layer by layer evaporation process [2). 
Scanning tunneling microscopy imaging was also 
performed on the GaAs surfaces both before and after 
the growth of a buffer layer. The STM imaging was 
carried out in air with a mechanically formed Pt/Ir tip at 
a tunneling current of 0.16 nA and + 6 V bias on the tip 
relative to the sample. The sample was first oxidized in 
uv-ozone for ten minutes, then chemically passivated by 
immersion in a (NH4)iS:H 20 (1:9) solution at 40°C for 
5 minutes. After the chemical treatment, the samples 
where rinsed with deionized water and blown dry with 
nitrogen. After chemical passivation, the samples could 
be imaged consistently for several hours with no evi-
dence of surface degradation, as observed previously 
[ 11). Atomic resolution was not achieved due to several 
tenths of a nanometer of relatively high frequency noise. 
This noise may be an artifact of the surface preparation 
or the in-air imaging process. Aside from this high spa-
tial frequency noise, the as-received polished substrates 
were almost completely flat as shown in Figure 2b. The 
'trough' shape of the STM image in Figure 2a is an arti-
fact of the STM scan mechanism that is observed in all 
our STM images but is particularly noticeable at large 
scan ranges on flat substrates. After the thermal desorp-
tion of the oxide, the surface is covered with small pits 
as shown in Figure 2b. The surface morphology seen in 
the STM image is remarkably similar to the SEM image 
in Figure 1 given the differences in the image forming 
processes in the two types of microscopy. The STM 
images show that the deepest pits on the surface are at 
least on the order of 10 nm deep. Given the limitations 
of STM in imaging high aspect ratio features, the pits 
could be deeper than indicated in the STM images. The 
scanning tunneling micrographs in Figures 3 and 4 show 
the surface morphology after growth of GaAs buffer lay-
ers for 4 minutes and 30 minutes respectively. Figure 
4 shows two different areas of the same sample to give 
an idea of the variability in the STM images in different 
locations. The images show clearly that the buffer lay-
ers have less high spatial frequency roughness and more 
low spatial frequency roughness than the starting oxide-
desorbed surface. We were unable to resolve the sur-
face morphology of samples with thick buffer layers 
with the SEM because of the lack of surface contrast. 
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Light scattering 
Light scattering provides a view of the surface mor-
phology in k-space that is complementary to the real 
space SEM/STM imaging. Light scattering measure-
ments were carried out as a function of scattering angle 
in a laminar flow hood with a home-built "scatterome-
ter". The scatterometer consisted of an air-cooled Ar 
ion laser, sample holder, and silicon diode detector all 
mounted on an optical breadboard in such a way that the 
angle of incidence, and the scattering angle defined by 
the detector position, could be controlled independently 
in the plane of incidence. The sample could be rotated 
around its surface normal in order to test for crystal ori-
entation effects in the surface roughness. The laser was 
focused onto the detector in the specular position to a 
spot about 0.5 mm in diameter with a long focal length 
lens. The laser light was s-polarized and the laser spot 
was 1-2 mm in diameter on the sample. Care was taken 
to locate the laser spot at a position on the sample that 
was free of visible defects. The laser was chopped at 
100 Hz, and the unfocused scattered light signal was de-
tected in the plane of incidence with a 2.5 mm diameter 
silicon diode detector and a lockin amplifier. The solid 
angle for light collection was 1.1 x 10-4 sr and the angle 
of incidence was fixed at 65° relative to the sample nor-
mal. 
Surface morphologies have been characterized by 
angle resolved light scattering for many years [ l]. If the 
amplitude of the roughness is much smaller than the 
wavelength of the light, and if the surface relief is suffi-
ciently small that there is negligible shadowing of the in-
cident and scattered beams, then the intensity of the scat-
tered light can be related to the surface power spectral 
density or structure factor S(q) as follows [5]: 
(l/i 0 )(di/d0s) = 
(k4/-ir2) cos20s cos0i R(0i, 0s, <l>s, E) S(q) (]) 
Here i
0 
is the incident light intensity and is is the 
light intensity scattered elastically into a solid angle Os 
at an angle 0s from the surface normal and <f>s from the 
plane of incidence. R(0i, 0s, <f>s, E) is a reflection coeffi-
cient for a medium with dielectric constant E. This fac-
tor accounts for the angular variation in the reflectivity 
and reduces to the usual Fresnel reflection coefficient for 
specular reflections. We calculate it to be = 0.65, var-
ying by less than 10 % over the range of ar;igles used in 
these experiments. The spatial frequency in the plane of 
the surface q is equal to the momentum transfer of the 
scattered light in the plane of the surface. The x and y 
components of this vector are given by, 
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(3) 
The power spectral density of the surface morphology 
S(q) at the spatial frequency q is the two dimensional 
Fourier transform of the height-height correlation func-
tion, as follows: 
S(q) = J J (h(s) h(s + r)) eiq·rdr (4) 
where h(r) is the height of the surface above a reference 
plane, at position r in the reference plane. The angular 
brackets ( ) represent an average over the surface. 
The power spectral density data presented in this pa-
per has been measured in the plane of incidence where 
qy = 0, by varying 0s with 0; fixed at 65 °. The light 
scattering measurements were carried out with the scat-
tering vector q parallel to the principal crystallographic 
planes in the substrate surface, namely, parallel to the 
[O 1 I] and [O 1 1] directions. 
Comparison of Light Scattering and 
Scanning Microscopy Results 
The surface power spectral density for an as-re-
ceived GaAs substrate, an oxide-desorbed substrate, and 
a substrate with a 500 nm GaAs buffer layer, are shown 
in Figure 5. The oxide desorption increases the meas-
ured power spectral density by orders of magnitude over 
most of the accessible spatial frequency range, as expec-
ted from the microscopy results in Figures l and 2. The 
surface morphology in the SEM images of the oxide-de-
sorbed surface is not well enough resolved by the STM 
and SEM microscopy to be sure that it is smooth enough 
to satisfy the assumptions in the light scattering theory 
that there be no surface shadowing or multiple scatter-
ing. Thus a quantitative determination of the surface 
roughness may not be reliable in this case. However, 
qualitatively, the light scattering shows that the surface 
morphology is dominated by spatial frequencies in the 
vicinity of 5 µm- 1 and higher or, equivalently, by length 
scales of order l µm and less. This conclusion from the 
light scattering is consistent with the observation that a 
typical separation between the largest pits on the surface 
in the SEM image in Figure l is on the order of 1 µm. 
After growth of 500 nm of material (30 minutes of 
growth), the power spectral density has increased at low 
spatial frequencies and decreased at high spatial frequen-
cies. The decrease in surface roughness at high spatial 
frequencies is clearly consistent with the STM images in 
Figure 4 and Figure 2b. The effect on the roughness at 
low spatial frequencies (q < 2 µm- 1 or wavelengths 
greater than 3 µm) is less clear from the relatively small 
area STM images, however, the real space images are 
at least not inconsistent with the light scattering results. 
Light scattering and electron microscopy of GaAs films 
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Figure S (at left). Light scattering measurements of the power spectral density of the surface morphology of (i) a pol-
ished GaAs wafer, (ii) a wafer from which the surface oxide has been thermally desorbed, and (iii) an oxide-desorbed 
wafer with a 30 minutes buffer layer (0.5 !,till) of GaAs grown by MBE. All measurements were made at room temper-
ature outside the growth chamber. 
Figure 6 (at right). Light scattering measurements of the power!spectral density of the surface morphology of a GaAs 
substrate with a buffer layer grown for 2 hours (4 J,tm). The solid and open symbols show the effect of crystal orienta-
tion on the power spectral density. The scattering measurements are made in the plane of incidence, which was oriented 
along principal crystallographic directions as indicated in the figure. The solid line is a linear fit to the data with slope 
set equal to -2. 
For thick buffer layers, the exponent in the q de-
pendence of the power spectral density is approximately 
-2, as shown in Figure 6 for a 2 J,tffi thick layer (two 
hours of growth). More quantitatively, linear fits to the 
data in the Jog plot in Figure 6 give an exponent of -2.3 
± 0.1 for the scattering vector in the [O 1 1] direction 
and -1.95 ± 0.05 for scattering in the [O 1 l] direction. 
The power spectral density is not lower parallel to 
[O 1 l] than it is parallel to [O 1 l] at high spatial fre-
quencies, as we would expect from STM work 3 . How-
ever, it is not clear whether this reflects a real difference 
in the anisotropy of the surface morphology associated 
with differences in growth conditions, for example, or 
whether it is due to systematic errors in the scatteromet-
ry due to inhomogeneities in the surface. The measured 
differences in the scattering in the two crystallographic 
directions are complicated by the fact that the oval-
shaped laser spot on the sample does not illuminate ex-
actly the same area when the sample is rotated to change 
the orientation of the scattering vector relative to the 
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crystal axes. At some spatial frequencies, the power 
spectral density differs by as much as a factor of three 
between the two crystal orientations, however, this vari-
ation has a relatively small effect on the slope of the 
power spectral density over the full range of the data 
which spans more than four orders of magnitude. 
For reference purposes, we also measured the pow-
er spectral density of a polished Si wafer that had been 
exposed to a standard laboratory environment for several 
months and was covered with particles. The power 
spectral density in this case also had a power law de-
pendence on spatial frequency, however, the exponent 
was -1.52 ± .05, clearly different from the exponents 
(-1.95, -2.3) for the grown sample. 
For a two dimensional isotropic surface, a power 
spectral density of the form q-2 implies that every decade 
in spatial frequency has an equal contribution to the in-
terface width or power spectral density [4]. This form 
for the power spectral density results if the continuum 
equation for dynamics of the surface height has the 
M.K. Nissen er al. 
Edwards-Wilkinson form [15], 
ah(r, t)/at = vV2 h(r, t) + r,(r, t) (5) 
where h(r, t) is the height of the growing interface at 
position r relative to a reference plane and time t. The 
deposition rate r,(r, t) at position r and time t is a ran-
dom variable whose average value is equal to the film 
growth rate. In the growth model represented by eq. S, 
the surface roughness, or equivalently the interface 
width, increases logarithmically with time once it has 
reached the q-2 spatial frequency dependence. This is 
consistent with the fact that a comparison of the light 
scattering data in Figures 5 and 6 shows that the power 
spectral density more or less saturates for film thick-
nesses greater than 0.5 µm, even though there are orders 
of magnitude changes during the first 0.5 µm of growth 
as shown in Figure 5. 
The mean square interface width ((h(r, t)-(h))2) is 
equal to the integral of the power spectral density S( q) 
in two-dimensional q space. An estimate of the inter-
face width can be obtained from the experimental light 
scattering data if we assume the surface morphology is 
isotropic and depends only on the magnitude of q. In 
this case, the 2D integral is reduced to 1D, 
((h(r, t)-(h))2) = [1/(2-n-)2] J J S(q)dq 
= (1/27r) J S(q)qdq (6) 
A numerical integration of the light scattering data for 
0.2 < q < 17 µm- 1 gives an rms interface width of 3.5 
nm for this spatial frequency range. We expect the 
power spectral density to fall off more rapidly than the 
-2 power at length scales comparable to the width of the 
atomically flat terraces on the growing surface. If we 
assume a power of -2 down to this length scale and ex-
trapolate the light scattering data to 600 µm- 1 (corre-
sponding to 10 nm terraces), evaluation of eq. 6 over the 
spatial frequency range 2 µm- 1 < q < 600 µm- 1 to 
which the STM measurements are sensitive, yields an 
interface width of 4.5 nm. This number can be com-
pared with the actual surface topography measured by 
STM on the films with the thick buffer layer in Figure 
4. In this case, the 'peak to peak' surface topography is 
approximately 13 nm or a factor of 2. 9 times larger than 
the rrns roughness inferred from light scattering. The 
light scattering is in remarkably good agreement with the 
STM results since we expect the peak to peak value to 
be 3-5 times larger than the rms value, close to what is 
observed. 
The parameter v in eq. 5 is a diffusion constant 
which describes the spatial evolution of the surface mor-
phology as a function of time. Although this parameter 
940 
describes the macroscopic behaviour of the surface mor-
phology, it is determined by the details of the diffusion 
processes on the atomic scale. Various microscopic 
models have been developed for the incorporation of 
atoms into a growing film which give values for v which 
are positive, zero, negative, or a function of the local 
slope of the surface relative to a low index crystal plane 
[12, 15]. The experimental data in Figures 5 and 6 sug-
gests that v is non-zero and positive since the interface 
width effectively saturates with growth time and the 
power spectral density has a power law behavior with 
exponent approximately equal to -2. A negative value 
of v would lead to an unstable surface, in which, at long 
times, the interface width grows faster than logarithmi-
cally with time. If v were zero then the next higher 
order linear term (V4 term) or a non-linear term would 
dominate the right hand side of eq. 5 and an exponent 
different from -2 would be expected for the power spec-
tral density. 
Conclusions 
In conclusion, we have measured the surface mor-
phology of GaAs substrates with SEM, STM and elastic 
light scattering, before and after growing different thick-
ness buffer layers of GaAs by molecular beam epitaxy. 
The film surface becomes smooth at large spatial fre-
quencies and rough at small spatial frequencies after 
deposition of the GaAs. The power spectral density has 
a power law dependence on spatial frequency with an 
exponent approximately equal to -2, consistent with the 
predictions of the scaling theory and an Edwards-
Wilkinson equation for the dynamical behavior of the 
surface in the continuum limit. 
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Discussion with Reviewers 
A. Pidduck: Does agreement with the Edwards-Wilkin-
son (E-W) form tell us anything about how and why this 
roughness develops; is the E-W form a unique solution? 
Authors: The only way that we know to obtain a q-2 
dependence in the PSD is from the E-W equation. A 
power spectral density of the form q-z with exponent z 
not equal to an integer, would be expected if non-linear 
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terms were added to the E-W equation. A q-2 depend-
ence could also be obtained for a conservative flux (no 
net deposition or evaporation), however, since in the sit-
uation of interest, a film is being deposited, this case is 
not relevant. The agreement with the E-W form is no 
doubt telling us something about how and why the 
roughness develops, however, at this point we are not 
sure what exactly it is. 
G.R. Carlow: Since the dynamical scaling theories 
assume that the molecular beams impinge on the sub-
strate at normal incidence, were the GaAs substrates ro-
tated during deposition? If not, what was the geometry 
of the Ga deposition source relative to the substrate and 
could this cause deviations of the results from scaling 
theory? 
Authors: The Ga effusion cell was oriented at an angle 
of 23 degrees from the normal to the substrate, which 
was not rotated. This means that the atoms impinging 
on \he surface will have a component of momentum in 
the plane of the surface. We have not looked at the ef-
fect of this on the scaling theory, however, we have ob-
served surface morphology around defects on the sur-
face, which depends on the direction of the source. 
G.R. Carlow: For the samples with grown GaAs lay-
ers, was there any significant time delay between the 
sample temperature being stabilized at 580°C and the 
start of Ga deposition? If so, then annealing a sample at 
580°C in As2 flux for any length of time could smooth 
out the surface prior to the start of Ga depostion. This 
would mean that the results of the sample that only had 
the oxide flash would not represent the true starting sur-
face. 
Authors: The time delay between temperature stabiliza-
tion and growth was typically 5 minutes. The elastic 
scattering signal was monitored during this delay, and 
found to remain stable along the [O l l] direction and 
decay exponentially towards 80% of its initial value in 
the [O 1 1) direction, with a time constant of about 3 
minutes. This represents a reduction in rms roughness 
along [O 1 1) of about 10 % . Hence, there is some ani-
sotropic smoothing of the surface during the anneal, but 
this is small compared with the subsequent smoothing 
during growth. 
G.R. Carlow: I do not agree with the use of the word 
"quench" to describe the cooling of the substrates. 
Turning off the substrate heater does not constitute as 
quench. What was the cooling rate? 
Authors: By using the word "quench" we wish to con-
vey that the wafer is cooled sufficiently quickly that the 
surface morphology at the end of growth is frozen in: it 
does not have time to change by annealing under the A52 
M.K. Nissen et al. 
flux. We find that the temperature of the wafer, which 
is cooled radiatively by the surrounding liquid N2 shroud 
of the MBE growth chamber, drops to below 400°C in 
about 5 minutes. The light scattering signal along both 
< 1 1 0> directions, which was monitored in situ, was 
found to remain stable during the cooling process. 
F. Celii: How do these results compare with those of 
Sudijono et al. [14] and Smith et al. [13]? Is the aniso-
tropy in the q exponent for the two crystal directions due 
to aligned steps such as observed in Figure 4 of the 
Smith reference? 
Authors: We are not convinced that there is a signifi-
cant anisotropy in our light scattering data. The STM 
images shown here do exhibit slightly elongated features 
preferentially aligned perpendicular to the [l 1 O] direc-
tion, consistent with the results in the two references ci-
ted, however, the anisotropy in our films is not nearly 
as pronounced. The peak to valley roughness in our 
films is consistent with those given for the films in Fig-
ure 4 of ref. 13, which were grown at the same rate but 
at a slightly higher growth temperature (600°C). Inter-
estingly, the spatial frequency of the roughness of those 
films, as measured by AFM, is apparently much higher 
than observed in this work. A proper comparison would 
require a quantitative measure of the anisotropy in the 
images, such as by 2D Fourier transform. 
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Reviewer IV: The scatterometry was performed ex situ, 
without passivation of the surface following removal 
from the growth chamber. In light of the rapid growth 
of a native oxide which may or may not mimic surface 
topography, on what grounds do you argue that the scat-
terometry measurements are really measuring the GaAs 
surface topography? 
Authors: We believe that the oxide on (100) GaAs 
grows to less than I nm [2] in thickness as a result of 
the room temperature air exposure that the surface is 
subjected to after growth. This thickness is significantly 
less than the roughness ( 4 or 5 nm rms or about 20 nm 
peak to peak) observed for these films. Furthermore, 
given the large lateral extent of the surface features (the 
biggest features being 10 nm deep pits 1 µm across, for 
example) we see no reason to expect that oxidation will 
significantly alter the morphology on these length scales 
from that of the underlying GaAs. 
